Introduction
[2] Emission and transport of mineral dust from arid areas have been widely studied throughout the literature. The scientific interest has been driven by the diverse effects mineral dust has on climate and the environment. Crustal aerosols have an influence on the atmospheric radiation balance through scattering and absorption processes [Tegen et al., 1997; Haywood and Boucher, 2000; Harrison et al., 2001; Sokolik et al., 2001; Arimoto, 2001; Intergovernmental Panel on Climate Change, 2001] , and acting as cloud condensation nuclei [Levin et al., 1996] . Moreover, mineral dust can also make an important contribution to the levels of suspended particulate matter (SPM) recorded in air quality monitoring networks. This is specially relevant in southern Europe [Querol et al., 1998; Rodríguez et al., 2001; Escudero et al., 2005] and in some Atlantic islands [Prospero and Nees, 1986; Coudé-Gaussen et al., 1987; Savoie et al., 1987 Savoie et al., , 1992 Bergametti et al., 1989; Prospero et al., 1995; Chiapello et al., 1995; Arimoto et al., 1997; Caquineau et al., 1998; Viana et al., 2002] . Furthermore, the mineral dust deposition largely influences deposition fluxes of metal nutrients in southern Europe [Ganor and Mamane, 1982; Sequeira, 1982; Löye-Pilot et al., 1986; Samara et al., 1992; Camarero and Catalán, 1993; Rodà et al., 1993; Guerzoni et al., 1995; Avila, 1996; Alastuey et al., 1999; Avila and Alarcón, 1999; Avila and Rodà, 2002] and oceanic or marine regions [Falkowski et al., 1998; Fung et al., 2000; Arimoto, 2001] where dust iron content acts as a fertilizing agent for phytoplankton. Dust particles can also act as reaction surfaces for reactive gas species [Dentener et al., 1996; Krueger et al., 2004; Alastuey et al., 2005] . Furthermore, chemical compounds emitted from North African deserts, which represent a source of alkalinity that neutralizes atmospheric acidity, can influence the rainfall composition characteristics. This is particularly relevant over the Mediterranean basin [Löye-Pilot et al., 1986; Losno et al., 1991; Rodà et al., 1993; Camarero and Catalán, 1998; Alastuey et al., 1999; Avila and Alarcón, 1999, 2003; Avila and Rodà, 2002] .
[3] On a global scale, most of the mineral dust is released to the atmosphere from arid or semiarid areas. The major dust source areas are located in arid climates (rainfall <200 -250 mm year À1 ) in the so-called 'dust belt' [Prospero et al., 2002] . The 'dust belt' is located at high subtropical latitudes and extends from the west coast of North Africa, the Middle East, central and south Asia to China. In particular, North Africa is a major emission source of atmospheric mineral dust. The location of the regions that contribute more frequently to the injection of dust in northern Africa is controlled by the annual oscillation of the intertropical convergence zone (ITCZ), where strong convective processes occur during the day alternated with thermal inversions during the night. During the winter, the dust source area is roughly situated along the latitude of the gulf of Guinea in the west and at somewhat lower latitudes in the east. Also, during this season thermal turbulence generates the so-called 'dry haze' from the Sahel and the southern Sahara. The formation of the 'dry haze' is a common phenomenon that permits the transport of large quantities of dust from arid areas. Dubief [1979] defines the 'dry haze' as an 'almost inexhaustible reservoir of airborne dust particles'. This 'dry haze' is sometimes mixed with ash from forest fires occurring in the area of Sahel and the southern Sahara. On the other hand, during the summertime the dust emission area shifts toward the Sahara where the maximum injection processes take place [Dubief, 1979] .
[4] Different approaches have been used to identify and characterize dust source areas. Remote sensing, surface dust observations, back trajectory analysis, and mineral tracers can be mentioned as the main tools used to study dust origin [Goudie and Middleton, 2001] . The chemical or mineralogical differences in dust particles reaching sampling stations provide valuable information about source areas even within the same geographical areas. However, no elements have been found to be unique tracers for specific regions. The rations of Ti/Ca [Braga Marcazzan et al., 1993; Bonelli et al., 1996; Borbely-Kiss et al., 2004] , Ti/Fe [Braga Marcazzan et al., 1993; Bonelli et al., 1996] , Al/Ca [Gatz and Prospero, 1996; Perry et al., 1997; Chiapello et al., 1997; Formenti et al., 2001] , Si/Al [Gatz and Prospero, 1996] , and Ca/Fe [Gatz and Prospero, 1996] have been found to act as signatures of Saharan provenance. Lafon et al. [2004] found a significant difference in the percentages of free iron relative to the total estimated aerosol mass for samples of the Sahel (5.0%) and the Sahara (2.8%). These chemistry oriented studies have been often supported or complemented with back trajectory analyses [Bonelli et al., 1996; Borbely-Kiss et al., 2004; Salvador et al., 2004] , like the one performed by Viana et al. [2002] for the Canary Islands. In this study, dust outbreaks were classified as Saharan or Sahelian. Escudero et al. [2005] , after classifying the synoptic scenarios causing dust transport over the Iberian Peninsula, made a qualitative estimation of the source areas which could contribute under different meteorological situations.
[5] Some studies showed differences in the mineralogy of dust, especially in the proportions of clays minerals of the source areas (basically illite, kaolinite, paligorskite, smectite, and chlorite). The north and east Sahara exhibited the highest illite/kaolinite proportion whereas kaolinite is predominant for Sahelian contributions and also in contributions from southern and central Sahara [Avila et al., 1997; Chiapello et al., 1997; Caquineau et al., 1998 ]. Furthermore, concentrations of chlorite are lower in North African dust than in the Sahel [Paquet et al., 1984] . Apart from clay minerals, northern Sahara dust shows higher amounts of carbonates than southern Sahara and Sahel dust [Sarnthein et al., 1982] .
[6] In other studies, satellite measurements have recently been used to identify areas where dust mobilization is more frequent. Brooks and Legrand [2000] used infrared radiance from METEOSAT measurements and identified the Bodelé depression, and parts of Mauritania, Mali and southern Algeria as source areas. The Bodelé depression has been known as a major source of dust over northern Africa as previous studies suggested [McTainsh and Walker, 1982; Goudie, 1983] , even on the basis of anecdotal evidences [Kalu, 1979] .
[7] Using the Absorbing Aerosol Index (AAI) derived from TOMS (Total Ozone Mapping Spectrometer) on the Nimbus 7 satellite, Prospero et al. [2002] characterized the global major dust sources. They found the regions in which persistently the AAI presented high values and associated these regions with topographical lows, salt lakes systems, dry lakes, playas, ephemeral drainage channels or, generally, areas where alluvial deposits may have been deposited. That is, dust emission source areas in North Africa are closed continental drainage basins in which large amounts of PM are accumulated because of the erosion of arid zones during the wet seasons (characterized by torrential rains). Over northern Africa, Prospero et al. [2002] distinguished the following source areas: (1) Tunisia and northeast Algeria ($30 to 35°N and 3 to 12°E), (2) eastern Libyan Desert ($22 to 33°N and 15 to 26°E), (3) Egypt ($24 to 27°N and 29 to 33°E), (4) Mauritania and western Sahara ($21 to 27°N and 6 to 16°W), (5) Mali, Mauritania and the western flanks of the Ahaggar Mountains ($17 to 26°N and 0 to 10°W), (6) Niger and the southern flanks of the Ahaggar Mountains ($18 to 23°N and 0 to 7°E), (7) Lake Chad and the Bodele depression ($14 to 22°N and 7 to 24°E), (8) Sudan and the flanks of Ethiopian highlands ($15 to 22°N and 24 to 39°E) and (9) Ethiopia Rift Valley and Djibouti ($9 to 15°N and 39 to 43°E). However, TOMS is neither able to detect aerosols below 500 -1000 m nor aerosols covered by clouds [Herman et al., 1997; Torres et al., 1998 Torres et al., , 2002 . In consequence, the study by Prospero et al. [2002] is biased against dust sources frequently covered by clouds and those associated with low-altitude events.
[8] As it has been mentioned before, different studies have identified geographical regions acting as permanent or semipermanent dust sources. Also, some chemical species and minerals have been identified to characterize source regions in northern Africa. However, the contribution of each region to a dust plume originated over northern Africa and transported over distant geographical areas has not been estimated in any of those studies. That is, the impact of the different dust sources on sampling sites located far away from the desert has not been evaluated. In this work, we present a methodology that quantitatively estimates the contribution of North African dust sources using the HYbrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT [Draxler and Rolph, 2003] ) as the main tool. This methodology has been applied to a dust event highly influencing ambient levels of PM10 over the Iberian Peninsula in March 2003.
HYSPLIT Description: A Lagrangian Dispersion Model
[9] In an Eulerian modeling approach, air concentrations are computed for every grid cell by integrating the pollutant fluxes at each grid cell interface due to diffusion and advection. On the other hand, in a Lagrangian modeling approach, air concentrations are computed by summing the contribution of each pollutant ''puff'' that is advected through the grid cell as represented by its trajectory. Under the later approach, modeling the growth of the pollutant puff's 2nd moments or explicitly modeling the growth of a cluster of particles can simulate dispersion. Contrary to its acronym, HYSPLIT can simulate a pollutant distribution starting with a single particle or puff, or by following the dispersive motion of a large number of particles. A detailed model description is given by Draxler and Hess [1997, 1998] . Only a brief description of the model follows below.
[10] If we assume that a particle passively follows the wind, then its trajectory is just the integration of the particle position vector in space and time (t). The final position is computed from the average velocity (V) at the initial position (P) and first-guess position (P 0 ). Namely,
[11] A puff following a single trajectory cannot properly represent the growth of a pollutant cloud when the wind field varies horizontally and vertically. In these situations, the single-puff must either split into multiple puffs or the simulation must be conducted using many pollutant ''particles.'' In HYSPLIT, there are three main configurations that can be set to represent the dispersive growth of the pollutant elements. In the ''puff'' mode the element is a fully 3-D cylindrical puff, having a defined concentration distribution in the vertical and horizontal. Puffs grow horizontally and vertically according to the dispersion rules for puffs, and split if they become too large. In the ''particle'' mode the element (an infinitely small particle) is a point mass of contaminant. Under this mode, a fixed number of particles are released. They are moved by a wind having mean and random components. They never grow or split. On the other hand, in the ''hybrid'' approach the element is a circular 2-D object (planar mass, having zero vertical depth), in which the horizontal contaminant has a ''puff'' distribution. There are a fixed number of these in the vertical because they function as particles in that dimension. In the horizontal dimension, they grow according to the dispersion rules for puffs, and split if they get too large.
[12] To compute air concentrations it is necessary to explicitly follow all the particles or know the particle distribution (the definition of a puff) about the mean trajectory path. In the particle approach, this is accomplished by adding a random component to the mean advection velocity to define the dispersion of the pollutant cloud. For example, in the horizontal, the particle dispersion can be represented by the following equations:
where U 0 is the random velocity component, X mean is the original position due to only advection by the mean winds, R is the turbulent velocity autocorrelation, s u is the standard deviation of the turbulent velocity, T Lx a constant Lagrangian timescale, and l is a computer generated random number with 0 mean and s of 1. Additional terms to account for gradients in the turbulent velocity near the ground are required for vertical particle dispersion.
[13] The growth of the particle distribution, or the ''puff'' mode, is represented by a much simpler formulation, where the growth rate of the horizontal standard deviation of the particles is given by
[14] The dispersive growth rate for particles or puffs is controlled by the standard deviation of the turbulent velocity. Many different formulations can be found in the literature, but a simplified form is used in HYSPLIT such that
where K x represents the turbulent diffusivity and T L a constant Lagrangian timescale. For vertical turbulence and within the boundary layer K x is a function of height and surface stability. Above the boundary layer it depends upon the local stability, a ratio of the wind shear and thermal stratification. Horizontal turbulence is computed from the deformation of the wind field.
[15] Air concentrations are computed by summing each particle's mass as it passes over the concentration grid. In the particle model mode (3-D particle), the concentration grid is treated as a matrix of cells, each with a volume defined by the grid dimensions. Therefore the concentration increment is just the particle mass divided by the cell volume.
In the hybrid mode, the vertical component to the concentration calculation is still computed from the cell depth, however in the horizontal the grid is now composed of nodes rather than cells, and if a node is within the particle distribution, then the concentration is computed for that node. Two different horizontal distributions may be assumed. In the traditional Gaussian (GS) formulation, the change in concentration added by a puff to each grid point would be
A simplified top hat (TH) distribution can also be assumed, in which the grid point is either in the puff or outside of the puff. There is no variation of concentration within the puff. The concentration within the puff is equal to the average concentration in the equivalent Gaussian puff.
HYSPLIT Dust Emission Module
[16] A model for the emission of PM10 dust has been constructed [Draxler et al., 2001] using the concept of a surface roughness -dependent threshold friction velocity. This surface roughness is correlated with soil properties. A dust emission rate is computed from each model grid cell when the local wind velocity exceeds the threshold velocity for the soil characteristics of that emission cell. The dominant mechanism for the PM10 emission is ''sand blasting.'' The emitted material is dispersed and transported using HYSPLIT. The model was initially tested over Kuwait, Iraq, and Saudi Arabia [Draxler et al., 2001] , where it predicted about the right number of dust events (18%). The model results also agreed quantitatively with measurements at four locations in Saudi Arabia and one in Kuwait for one major dust event (>1000 mg m ) the model substantially overpredicted the air concentrations. Part of the overprediction was attributed to the model's sensitivity to the threshold friction velocity and the surface soil texture coefficient (the soil emission factor), and the difficulty in accurately representing these parameters in the model.
[17] In the model configuration applied over Kuwait, the source algorithm of Marticorena et al. [1997] was used to compute the PM10 dust injections. The vertical mass flux,
is calculated from the friction velocity and the threshold friction velocity. Gillette et al. [1997] found that for sand soils, the soil texture coefficient (K) had a value of 5.6 Â 10 À4 m À1 .
[18] In this application, the model is applied over other domains where detailed digital soil characteristics are not available. The emission module has been modified [Draxler, 2002] to use HYSPLIT's one-degree land use file by assuming that a ''desert'' land use grid cell corresponds to the Kuwait ''active sand sheet'' soil type category. To compensate for the greater number of potential dust emission cells the original PM10 flux equation has been replaced by a relationship not dependent upon soil type and with a substantially lower emission flux. In the revised version of the emission module, the flux (g m À2 ) equation,
used by Westphal et al. [1987] replaces the Marticorena equation. In both approaches, dust emissions only occur during dry days when the friction velocity exceeds the threshold value (0.28 m/s for an active sand sheet as determined by Draxler [2002] ). Over the typical range of wind speeds that result in dust emissions, the emission flux is about a factor of 10 lower using the Westphal equation.
Source Apportionment Methodology
[19] In order to individualize episodes of North African dust transport over the Iberian Peninsula, daily ambient levels of PM10 from EMEP (Cooperative Programme for Monitoring and Evaluation of the Long-Range Transmission of Air pollutants in Europe) air quality monitoring network of Spain have been evaluated. The PM10 measurements in the EMEP stations were obtained through the gravimetric method using high-volume sampling devices. This is the reference method defined in EU Directive 1999/ 30/EC for the determination of PM mass concentration as established by the European Standardisation Organisation (Figure 1 ).
[20] PM10 time series from all the stations have been first intercorrelated searching for simultaneous elevated levels, which could indicate the influence of North African dust intrusions as suggested in previous studies [Rodríguez et al., 2001; Viana et al., 2002; Escudero et al., 2005] . Furthermore, the African origin of the PM episodes has been established using TOMS-NASA aerosol index maps (http://toms.gsfc.nasa.gov/aerosols/aerosols.html [Herman et al., 1997] ), SKIRON aerosols maps provided by the University of Athens (http://forecast.uoa.gr [Kallos et al., 1997] ), NAAPs aerosol maps from the Naval Research Laboratory (NRL, http://www.nrlmry.navy.mil/aerosol), meteorological charts from the NOAA Air Resources Laboratory (http://www.arl.noaa.gov/ready/amet.html) and the NOAA-CIRES Climate Diagnostics Center (http:// www.cdc.noaa.gov), and satellite imagery supplied by NASA SeaWIFS [McClain et al., 1998 ]. Moreover, back trajectories have been calculated daily with the HYSPLIT model [Draxler and Rolph, 2003] in order to determine the African provenance of the air masses reaching the study area. To this end, 5-day back trajectories at three different altitudes (500, 1500 and 2500 m above sea level) have been obtained daily.
[21] Once the episode to be modeled has been individualized and analyzed, the HYSPLIT model has been run under the dust simulation mode to estimate PM10 concentrations over the Iberian Peninsula. The source area has been chosen to cover all northern Africa. Several simulations have been performed in order to determine the set of model parameters that best fit the measured data. Parameters such as the concentration grid resolution, the number of particles emitted per simulation cycle, and the particle type (3-D, Gaussian or Top hat particles) have been varied in the search of the best performance of the model. Furthermore, wet and dry deposition have been incorporated later in order to obtain a more realistic behavior of the model.
[22] Once the best suites of parameters have been determined, nine simulations have been executed. Eight of these simulations have been performed constraining the emission area to the regions identified by Prospero et al. [2002] as source areas over northern Africa. These regions are (Figure 2) (1) Tunisia and northeast Algeria, (2) eastern Libyan Desert, (3) Egypt, (4) Sudan and the flanks of The last simulation has been performed constraining the emission of dust to the ''rest of the desert'' source (solid area in Figure 2 ). This region comprises all the regions considered as desert in the soil type map used by HYSPLIT which are not explicitly mentioned in the work by Prospero et al. [2002] . In this area there must be dust susceptible to be mobilized although this may not be an intense emission region as those identified by Prospero et al. In this manner, the contribution of each source area can be evaluated by calculating the portion of the PM10 concentration at a receptor site estimated from each individual model run. It is important to note that this methodology is not only applicable to North African deserts but also to any other desert areas in the world.
Case Study
[23] In 2003, a total of 22 African episodes (episodes in which African air masses, generally carrying desert dust, reached the study area) occurred over central Iberian Peninsula. These episodes resulted in 69 days in which African air masses affected central Iberia. The seasonal distribution of days with African dust outbreak over this region of Spain (Figure 3) showed that African dust events reached their highest frequency during summer months (42 out of the 69 days occurred from May to August). Also, two secondary frequency peaks were registered in March (11) and November (6). That year, African dust outbreaks were very scarce in January, April, September, and October.
[24] A variety of synoptic meteorological situations linked to African dust transport over the Iberian Peninsula have been previously classified for the same year [Escudero et al., 2005] . This classification showed that for 2 days (Figure 3 ) in which dust transport occurred over central Iberia (3% of the 69 days) were associated to NAH-S (North African High-Surface) situations, characterized by the presence of an anticyclone over northern Africa and the Iberian Peninsula at surface atmospheric levels. These conditions occurred in the months of March and September (Figure 3) . Moreover, the development of depressions over the Atlantic Ocean, west or southwest the Portuguese coast (Atlantic Depression, AD scenario), represented the meteorological mechanism for the transport of dust over the study area in 17 days (25% of the 69 days) (Figure 3) . Also, the NAD (North African Depression), associated with the develop- [25] From 12 to 15 March 2003 a North African dust outbreak occurred over the central Iberian Peninsula. In the days before 12 March an anticyclone was located over the Iberian Peninsula. However, the transport over the Iberian Peninsula begins when a depression developed over the Atlantic Ocean in front of the Moroccan coast (AD scenario according to Escudero et al. [2005] ). This caused the displacement of the anticyclone toward northern Algeria. This situation persisted until 15 March when the effect of an anticyclone over the European continent resulted in an easterly flow (Mediterranean advection) which displaced the dust to the west affecting southwestern and northeastern Iberia (Figure 4 ). The episode was evident when inspecting other sources of information such as DREAM and NAAPs dust maps, SeaWIFS satellite images, and HYSPLIT back trajectories. Surface concentration maps of NAAPs showed the impact of this episode on surface levels (Figure 4) . In consequence, this episode had an important impact on PM10 levels at regional background sites of the whole Peninsula ( Figure 5 ). In particular, high PM10 levels were recorded at the central plateau of the Iberian Peninsula. On 14 March daily PM10 means of 66 and 67 mg m À3 were registered at Risco Llano and Campisábalos respectively. On 15 March, 62 mg m À3 of PM10 were recorded at Peñausende. Therefore this episode has been chosen as the case study to test the methodology presented in this work.
Model Adjustment
[26] The episode of 12 to 15 March 2003 has been chosen owing to the high PM10 levels recorded at the regional background stations of the central plateau of the Iberian Peninsula (Risco Llano, Campisábalos and Peñausende). Several simulations of this African dust outbreak have been performed with HYSPLIT to establish the adequate parameters which resulted in the best simulation of the episode. A simulation would be considered adequate if it reproduces the same order of magnitude and the temporal variation of PM10 levels recorded at Risco Llano, Campisábalos, and Peñausende stations during the dust outbreak.
[27] The Final Run (FNL) global meteorological fields have been used as input to the HYSPLIT model. FNL consists of a large set of global meteorological variables grouped in a 6-hour archive with data since January 1997. These data originate from the operational series of computer analyses and forecasts undertaken by The National Weather The spatial resolution FNL data set is 1x1 degree latitude and uses pressure levels for vertical data. Even though the spatial resolution of FNL data is coarse, it is sufficient to simulate processes occurring on a synoptic scale like dust transport.
[28] In the simulations, the emission area has been set to the whole desert areas of northern Africa, that is, continental areas within latitude 10 to 25°N and longitude À20 to 40°E. The vertical velocity used for the simulations has been the one calculated by the model. To compute vertical velocities, the horizontal winds are fitted to an equation that balances the divergent flow at each grid point with the large-scale flow and then the divergence is integrated through each meteorological model layer to give a vertical velocity at the top. The maximum number of particles during the simulation has been set to 1,000,000, thus if the model generated more particles these would not be taken into account. Moreover, the concentration grid resolution was 1.0 Â 1.0 degrees (the same as FNL meteorological data). Changing this resolution to 0.5 Â 0.5 degrees or to 2.0 Â 2.0 Figure 6 . PM10 levels at Risco Llano, Campisábalos and Peñausende derived from the HYSPLIT simulation of the dust outbreak occurred over central Iberian Peninsula from 12 to 15 March 2003. These simulation were carried out varying the number of particles emitted per cycle (500, 5000 and 50,000) of simulation and the particle model (3-D, TH and GS): 500 particles cycle À1 were used for (a) 3-D particle model, (b) TH particle model and (c) GS particle model; 5000 particles cycle À1 were used for (d) 3-D particle model, (e) TH particle model and (f) GS particle model; and 50,000 particles cycle À1 were used for (g) 3-D particle model, (h) TH particle model and (i) GS particle model. degrees would not alter the output in a noticeable manner. In the first attempts to reproduce the episode, wet and dry deposition have not been included.
[29] The first two parameters to be modified have been the number of particles emitted per cycle and the model type. Three values for number of particles emitted per cycle have been used, namely 500, 5000, and 50,000 particles cycle
À1
. Also, three different model types have been utilized, namely 3-D particle (3-D), Top-hat (TH) in the horizontal with particle in the vertical, and Gaussian (GS) in the horizontal distribution with particle in the vertical. As shown in Figure 6 and summarized in Table 1 , the sensitivity of the model to the use of the different model types is important. The 3-D particle approach shows the poorest performance and it is not considered adequate since the PM10 concentrations simulated are far from the measured ones. Under this approach, some stations show big overestimations while others present important underestimations. Generally, using 500 particles cycle À1 resulted in a less accurate performance than the utilization of 5000 or 50,000 particles cycle
. Moreover, two cases show the best model performances: TH approach with 5000 particles cycle À1 and GS approach with 50,000 particles cycle À1 . For the sake of diminishing computational time the first option has been chosen. Nevertheless, none of these simulations have been satisfactory since in all cases the modeled starting and the ending date of the episode have not matched the actual dates in which the PM episode occurred over central Spain. Indeed, a delay of 1 or 2 days in the simulation with respect to the actual occurrence has been observed.
[30] In order to improve the simulation, wet and dry deposition fluxes have been incorporated into the next step of the model adjustment. For the application of the deposition module, particles diameter, density, and shape must be included as model inputs. Moreover, in-cloud and belowcloud parameters for wet deposition and a deposition velocity for dry deposition must be defined. Consequently, the particle diameter has been set to 5 mm on the basis of the size of dusts particles recorded over Sardinia (central Mediterranean) that showed a bimodal structure with the prevailing peak ranging 2 -8 mm [Molinaroli et al., 1993; Guerzoni et al., 1997] . The in-cloud and belowcloud parameters have been set to 3.2 10 5 L L À1 and 3.0 10 À5 s À1 , respectively (based upon various experimental data as given by Hicks [1986] ).
[31] On the other hand, deposition velocity (V d ) for dust particles may vary within a wide range. Arimoto et al. (Figure 7) . Therefore the inclusion of dry and wet deposition resulted in an important improvement of the timing of the simulated concentration peak.
[32] Using the parameters described before, the simulated daily mean PM10 levels agree reasonably well to those recorded at the EMEP stations (Figure 8 ). The background levels for [1998] [1999] [2000] [2001] [2002] [2003] have been subtracted at each station (14, 12 and 13 mg m À3 for Risco Llano, Campisábalos, and Peñausende respectively) because they can be attributed to local or regional contributions and not to the African contribution. However, in all cases the model underestimates concentrations from 12 to 14 March and overestimates concentrations on 16 March. Thus the impact of the . Moreover, for these simulations a TH model particle was used, and 5000 particles cycle À1 were released. [33] Once the episode has been simulated with a unique source area covering the entire desert region of northern Africa (Figure 9) , the model has been run eight times considering as potential sources the areas proposed by Prospero et al. [2002] and one more time considering the rest of the desert as source area (see Figure 2) . Following this procedure, the contribution from each source area can be established. From HYSPLIT dust concentration maps (Figure 10 ), it can be inferred that only western source areas such as Mali, Mauritania and the western flanks of the Ahaggar Mountains, Mauritania and western Sahara, and other regions of northwestern Africa (areas 7, 8, and 9 in Figure 2 ) contributed to the dust plume arriving to central Spain from 12 to 15 March 2003. Closer source areas such as Tunisia and northeast Algeria (area 1 in Figure 2 ) or eastern Libyan Desert (area 2 in Figure 2 ) have not been intensively active during this specific event because the anticyclone covering that area during the days under study prevented strong winds to develop. It is interesting to notice that although large amounts of dust have been emitted by large source areas such as Sudan and the flanks of Ethiopian highlands (area 4 in Figure 2 ), Lake Chad and the Bodele depression (area 5 in Figure 2) , and Niger and the southern flanks of the Ahaggar Mountains (area 6 in Figure 2 ), they barely reached the Iberian Peninsula during this specific episode (Figure 10) .
[34] In order to quantify the contribution of each source area, the contribution of the entire desert has been first compared with the sum of contributions from all the source areas considered in this study to check for internal consistency. This has been accomplished by comparing the daily mean PM10 concentrations simulated in central Spain letting the whole North African desert act as a unique source area with those PM levels obtained by summing the simulated contributions from each separate source area. As shown in Table 2 , the simulation with the whole North African desert as source area gives very similar daily mean PM10 concentrations to those estimated by summing the contributions of all source areas separately at the three EMEP stations over central Spain. Moreover, only Mali, Mauritania and the western flanks of the Ahaggar Mountains (area 7), Mauritania and western Sahara (area 8), and other regions of northwestern Africa included in the ''rest of the desert'' area seem to have a significant contribution.
[35] According to the model results, the PM10 dust load over central Iberian Peninsula originated from three areas, namely Mali, Mauritania and the western flanks of the Ahaggar Mountains (area 7 in Figure 2 ), Mauritania and western Sahara Mauritania (area 8 in Figure 2) , and the socalled ''rest of the desert'' (solid region in Figure 2) . HYSPLIT model estimations show that for 15 March the contributions of the Mauritania area ranged from 25 to 30% at Risco Llano and Peñausende and from 20 to 25% at Campisábalos. The contribution from the Mali source area has been found to be approximately 20% at Risco Llano and Peñausende and from 15 to 20% at Campisábalos. The ''rest of the desert'' regions would contribute with 50-55% at Risco Llano and Peñausende and about 60% at Campisá-balos ( Figure 11 ).
Conclusions
[36] A methodology for the identification and quantification of the contribution of large dust source areas to the PM10 concentrations at distant receptors has been presented. This methodology has been applied to a northern Africa dust storm outbreak. This dust outbreak took place from 12 to 15 March 2003 over the central Iberian Peninsula. This episode has been described with different sources of information such as model maps, satellite images, and back trajectories. During those days, a peak in PM10 concentrations was detected at the three EMEP stations (Risco Llano, Campisábalos, and Peñausende) in the central Iberian Peninsula area. The HYSPLIT model has been used to simulate PM10 arising from this dust storm. Configuration parameters of HYSPLIT have been adjusted in order to obtain the closest estimation of the measured PM10 levels. A suitable model performance has been achieved using a concentration grid of 1 Â 1 degree, Top Hat particle type model, and an emission rate of 5000 particles cycle À1 . Moreover, wet deposition has been incorporated using 3.2 10 5 L L À1 and 3.0 10 À5 s À1 as in-cloud and belowcloud parameters, respectively. Dry deposition has been set by defining a particle diameter of 5 mm and a vertical deposition velocity of 0.6 cm s À1 .
Risco Llano
[37] Using this configuration, the episode has been simulated restricting the emission to the northern Africa source areas identified by Prospero et al. [2002] : (1) Tunisia and northeast Algeria, (2) eastern Libyan Desert, (3) Egypt, (4) Sudan and the flanks of Ethiopian highlands, (5) Lake Chad and the Bodele depression, (6) Niger and the southern flanks of the Ahaggar Mountains, (7) Mali, Mauritania and the western flanks of the Ahaggar Mountains, and (8) Mauritania and western Sahara. An additional simulation of the episode has also been carried out limiting the emission to the remaining desert areas. The source apportionment has been obtained by calculating the portion of the total PM10 at the receptor sites contributed by each separate source area. The HYSPLIT model estimations show that 25 to 30% of the PM10 concentrations at Risco Llano and Peñausende sites and 20 to 25% at Campisábalos station originate from sources in Mauritania and the western Sahara. The Mali, Mauritania and the western flanks of the Ahaggar Mountains source areas account for 20% of PM10 at Risco Llano and Peñausende and from 15 to 20% at Campisábalos. Finally, the rest of the desert area contributes up to 55% of the PM10 concentrations at Risco Llano and Peñausende and around 60% at Campisábalos.
